ABSTRACT. Social-ecological resilience is defined by Brian Walker and colleagues as "the capacity of a social-ecological system (SES) to absorb disturbances and reorganize while undergoing change so as to continue to retain essentially the same function, structure, feedbacks, and therefore identity." It is an increasingly widespread concept whose success depends, among other things, on the promise of its rapid transfer from science into practice and its operational character for the sustainable management of SESs. However, tangible examples of management methods based on resilience remain limited in the scientific literature. Here, we test the resilience management framework proposed by Brian Walker and David Salt by applying it to the case of mountain summer pastures in the French Alps, which are complex SESs in which human and ecological dimensions are closely linked and subject to substantial perturbations due to climate change. Three steps were implemented: (1) building a conceptual model based on expert knowledge of the functioning of summer pastures; (2) building, from the model, a template for summer pasture resilience analysis; and (3) testing the operational character of the model and the template for two pairs of contrasting cases. This heuristic tool enables understanding the ways in which farmers and herders manage the resilience of their system but does not aim to quantify resilience. The method developed, together with the resilience concept, provide insights into the functioning of summer pastures from both biophysical and management perspectives. The modeling process constitutes a learning process, which will support the implementation of adaptive management. We identified three critical points for making the method truly operational: basing modeling on an equal consideration of social and ecological dimensions, defining the boundaries of the modeled system based on the social dimension, and selecting a scale of analysis coherent with the type of development actions to be implemented.
INTRODUCTION
Using the concept of resilience to manage social-ecological systems The concept of social-ecological resilience, understood as "the capacity of a social-ecological system (SES) to absorb disturbances and reorganize while undergoing change so as to continue to retain essentially the same function, structure, feedbacks, and therefore identity" , is being increasingly used to address issues of SES management (Walker and Salt 2006) . Among the concepts linked to social-ecological resilience, the panarchy concept (Gunderson and Holling 2002) can be summarized as two principles: (1) SESs constantly evolve over time, according to the disturbances that cause them to adapt or transform; and (2) developing adaptability at one level could necessitate a transformation at another level.
For many authors, resilience theory offers useful insights into resource management (Allen et al. 2005 , Anderies et al. 2006 , Soane et al. 2012 , Carlisle 2014 , and resilience thinking is a way to achieve sustainability (Brand 2005 , Perrings 2006 , Domptail et al. 2013 . The promise of its operational character and the possible rapid transfer of scientific concepts into practice largely explain the success of the concept.
However, most published studies do not go beyond the analysis of the functioning of a system at a given time or involve a retrospective analysis of system transformations. Many case studies in different schools and disciplines have qualified and described the characteristics of SESs and their resilience mechanisms and have aimed to identify their conditions for adaptability (defined as "the capacity of actors in the system to influence resilience") and transformability (defined as "the capacity to create a fundamentally new system when ecological, economic, or social structures make the existing system untenable"; Folke et al. 2004 , 2006 . SESs research thus covers a range of different issues such as irrigation (Cifdaloz et al. 2010) , fisheries (Camp et al. 2015) , or rangelands (Reid et al. 2014 ) and focuses on disturbances as diverse as water pollution (Carpenter et al. 2001) , coastal disasters (Adger et al. 2005) , climate change (Smit and Wandel 2006) , or global change (Anderies et al. 2013) . However, with a few exceptions, listed in particular by Miller et al. (2010) and Salt (2006, 2012) , scientific articles that attempt to make tangible management recommendations remain limited (e.g., see Cabell and Oelofse 2012) .
Early research work aiming to assess SES resilience levels (Allen et al. 2005 paved the way for discussions about shifting from the concept of resilience toward practice. It was observed that a system's resilience is relative and that assessing the resilience of a system requires, as a first step, a careful description of the system's boundaries and the properties to be preserved, as well as the disturbances of interest, i.e., detailing the "resilience of what to what" (Carpenter et al. 2001) . Several of these papers also conclude that it is difficult to define direct quantitative indicators and instead suggest identifying "surrogates" in relation to aspects conferring resilience to a system (Bennett et al. 2005 , Carpenter et al. 2005 , Darnhofer et al. 2010b In the short term of annual management, climate change translates as an increase in interannual climate variability (IPCC 2013) and an increase in the frequency and intensity of extreme events, particularly summer droughts and extreme heat (Schär et al. 2004 , IPCC 2012 . In the 2000s, the Alps experienced a series of exceptionally serious droughts that will likely become the norm by the end of the 21st century (Calanca 2007) . These droughts forced farmers and herders to modify their practices, first, in the pastures (Nettier et al. 2011) by forcing herds to consume less palatable vegetation, by exploring less accessible sectors of pastures, or by preserving from herds the less drought-sensitive vegetation as long as possible, and second, by adjusting management, including stocking rates, on both farms and summer pastures (Nettier et al. 2010 , Rigolot et al. 2014 ) to continue to ensure fodder supply to the herds and to avoid harming the vegetation.
In the long term, climate change is expected to initiate a change in the vegetation found in summer pastures (Engler et al. 2011) , with major uncertainties as to future trajectories (Scherrer and Körner 2010 , Gottfried et al. 2012 , IPCC 2014 . These uncertainties justify acting today, in particular, via pastoral practices because they can have stronger and swifter effects on vegetation than does climate (and their effects are better known; Benot et al. 2014) . The challenge for summer pastures is therefore to use pastoral management to ensure their resilience to climate disturbances to maintain their long-term functions, i.e., their capacity to provide fodder to herds in summer and also their multipurpose character.
In the French Alps, our study area, extension officers use analytical and management-support tools (Jouglet 1999 , Bornard et al. 2007 , CERPAM and Parc national des Ecrins 2006) aimed at: (1) quantifying the average resources present on summer pastures (Daget and Poissonet 1971 , 1972 , Bernard-Brunet and Bornard 2004 , and (2) understanding the pasture management strategies used by herders in an average year (Savini et al. 1995 (Savini et al. , 2010 . However, these tools are not adequate to manage adaptation to climate change. They do not make it possible to take into account interannual variations in biomass production; they ignore the vegetation development stage appropriate for grazing or the capacity of herders to have herds consume plants that are a priori not palatable (Cruz et al. 2002 , Guérin et al. 2007 ). It is difficult to use these tools to identify the adjustments required for summer pastures or summer pasture-farm interactions, i.e., the "summer pasture-farms system" (Nettier et al. 2015) , and they do not take into account the dynamic character of summer pastures (both vegetation and the farms using the pastures are considered to be stable).
Here, our goal is to assess the operational character of the socialecological resilience concept for management by studying climate change adaptation issues on summer pastures. For this, we propose to use the methodological framework developed by Walker and Salt (2012) to manage the resilience of SESs, adjusting it to the specific characteristics of the summer pasture SES. Should the outcome of this examination be positive, this work could then be used to improve current frameworks for assessing summer pasture management. Walker and Salt (2012) propose a three-stage method to "practice resilience" consisting of: (1) describing the system through conceptual modeling, (2) evaluating the system's resilience, and (3) managing the system's resilience (Fig. 1) .
METHODS

Fig. 1.
Methodology developed for practicing resilience, adapted from the work of Walker and Salt (2012) .
Ecology and Society 22(4): 25 https://www.ecologyandsociety.org/vol22/iss4/art25/ Describing the system using conceptual modeling The aim of this description is to understand the way in which the system functions by identifying the different scales of interest, the actors, the system's functions and properties that are to be maintained (resilience of what), the disturbances threatening the system (resilience to what) (Carpenter et al. 2001) , and the drivers that affect the system. Participatory methods are recommended for this type of modeling approach (Walker et al. 2002 , Darnhofer et al. 2010a , Walker and Salt 2012 because it is important to involve a wide variety of actors to compare different viewpoints (Brown 2010) and to combine complementary knowledge (mainly "scientific" and "local" or "empirical" knowledge; Reed 2008) . Walker and Salt (2012) also propose an iterative approach to reduce progressively the model's complexity and select only the most significant drivers to maximize operationality and uptake. Following these recommendations, we built a conceptual model of the functioning of a summer pasture. Our aim was to build a qualitative model that could be used as a basis for understanding the system and reasoning its management. Given that our primary aim was the production of a diagnostic framework, we did not develop an operational, quantitative tool per se, but this could be a future development (see Discussion).
To build this model, we worked with the Sentinel summer pastures program (Dobremez et al. 2014) , which is an informal structure and a forum for exchange on questions of climate change impact on summer pastures and on adaptation. This network links a diversity of stakeholders from the French Alps who are concerned with both pastoral and multipurpose functions of alpine pastures, including pastoral extension officers, managers of protected areas, researchers in ecology and agronomy working in the region, and also farmers and herders. It is built around a monitoring system comprising a sample of 24 summer pastures representing diverse geographic and socioeconomic contexts. We used an iterative process to combine: (1) an analysis of the tools used by extension officers and the way they are used in the field, which may differ from the initial objective and reveal insights into the functioning of the system (Gross et al. 2011) ; (2) 10 working sessions between April 2013 and February 2015 with 13 experts (Table 1 , among which are three of the authors of this paper) involved for part or all of the process (Fig. 2) ; (3) a selection of scientific research to confirm certain hypotheses regarding ecological functioning (Jonas et al. 2008 , Choler 2015 or to derive inspiration from management models focusing on the management of climate variability (Moulin et al. 2001) ; and (4) a panel of diversified case studies among the sample of cases from the Sentinel summer pastures program (sheep and cattle, local and transhumant farmers, individual and collective organizations) that were used as examples for proof of concept. The conceptual model is mainly based on scientific and technical knowledge, but extension officers also tried to report empirical knowledge learned from their exchanges with herders.
Despite the diversity of stakeholders involved, during the modeling process, we chose to consider only the pastoral dimensions of summer pastures. Indeed, stakeholders stated that maintaining pastoral functions was a prerequisite to the conservation of multipurpose functions. Also, the model was designed focusing on climatic perturbations, which was the thematic of interest of the group. Thus, considering the "resilience of what to what" question, we focused on the resilience of the pastoral function of summer pastures, defined as the capacity of pastures to ensure the herds' feeding requirements during the summer season to climatic perturbations, including climatic hazards (in priority) and long-term climate change. To structure our conceptual model, we referred to research on livestock farming systems , which incorporates previous work on the modeling of summer pasture functioning (Savini et al. 1995 (Savini et al. , 2010 and supports the analysis of management strategies. Our interest was in the "human-herd-resource" triad described by this research, i.e., the way farmers and herders manage the fit between the herd's needs and available resources. We considered that a livestock farming system comprises two interacting subsystems: (1) a decision system, indicating how farmers and herders manage the fit between the herd's needs and the food resources provided by the vegetation; and (2) a biophysical system, comprising soil-plant-animal-climate interactions. Like Tittonell (2014) , we considered that the biophysical system represents the ecological dimension of a livestock farming SES, and we considered the management system to represent the system's social dimension. We then formulated the general structure of the pastoral SES that we aimed to model (Fig. 3 , inspired by Collins et al. 2011) . On the ecological dimension, climate directly influences both herd and vegetation development. The herd's behavior also affects vegetation. In pastoral systems, management is made nearly exclusively through direct practices on the herd (in particular, grazing management), and direct benefits derived from the system are exclusively animal production. However, management is also a result of the way farmers and shepherds perceive every element of the environment: climate as well as herd and vegetation conditions.
Among the many formalisms used in participatory modeling approaches (Lynam et al. 2007) , we chose two different formalisms to model the functioning of the biophysical system in the two time frames of interest: the annual scale at which the increase in the number of climatic hazards needs to be managed, and the longer term for vegetation changes in response to combined changes in pastoral practices and climate change. For the annual scale, we used the formalism of causal maps (cognitive maps) detailing the causal links between weather parameters or pastoral practices and vegetation growth and phenology https://www.ecologyandsociety.org/vol22/iss4/art25/ Fig. 2 . Sequences of the participatory modeling process and experts involved. Experts indicated by initials (see Table 1 ).
Fig. 3.
General structure of the modeled pastoral socialecological system. (Gouttenoire et al. 2010) . From these causal maps, we identified factors of vegetation sensitivity to weather events and to pastoral practices, e.g., sensitivity of phenology to temperature or sensitivity of production to drought. For the long term, we built a state and transition model: this type of representation is well suited to articulate shifts between vegetation types according to practices and climate conditions (Westoby et al. 1989 , Mathevet et al. 2007 , McIntyre and Lavorel 2007 . The management model was built to represent the ways that different hazards are managed at different management time scales (from daily to pluri-annual).
Based on this structure, we were able to define precise pastoral functions in the grazing schedule that can be associated with agronomic properties of the vegetation. Combined with different biophysical contexts, these characteristics were the basis for a Tight and strong feedbacks allow the detection of thresholds before they are crossed. Ecological feedbacks and the capacity of actors to detect a disturbance and react rapidly are closely linked to the actors' abilities to learn about the system Modularity A fully connected system will rapidly transmit all shocks through the whole system (e.g., disease, wildfire, bad management practices). In a system with loosely connected subcomponents, parts of the system are able to reorganize in response to changes elsewhere in the system in time to avoid disaster Social capital Three intertwined attributes are important for the coping capacity of a community: (1) leadership, considered as a process, with different kinds of leadership for different circumstances; (2) interconnected social networks; and (3) trust. Determines the community's empowerment, i.e., its capacity to act in making its own choices conferring resilience to SESs (Table 2 ). To design the template, we compared Walker and Salt's list with the summer pasture model and identified tangible elements from the pasture model that could match generic resilience criteria and make them more concrete. Such elements represent our analytical framework, to be applied to summer pasture cases on the ground. We organized this template with concern for its operational use and followed the stakeholders' points of view described in the model. Therefore, we distributed the different elements in three columns corresponding to the human-herd-resource triad : the first column comprises social elements such as work, knowledge, or social networks; the second column presents elements related to animal behavior and characteristics and zootechnical management; the third column elements relate to vegetation as used through management (such as functional characteristics or spatial pattern). The different rows of the template correspond to the different scales identified in the modeling process. Thus, to design this table, we asked for each cell, representing a single theme (column) at a given management scale (row), how Walker and Salt's (2012) generic criteria could be translated into concrete criteria for the conceptual model (Table 3) .
Managing the resilience of summer pasture social-ecological systems
In this last stage, we tested the analytical framework for four case studies of summer pastures monitored in the Sentinel summer pasture program to test its relevance and to verify that it can generate ideas conducive to preserving or improving summer pasture resilience. We chose to analyze two pairs of contrasting cases. The contrast of situations within each pair makes it possible to illustrate how the template can be used to better analyze certain aspects that are rarely taken into account in the functioning of summer pastures but that nevertheless appear essential for adaptation to climate change. For this, we focused on two key themes addressed in the case comparison: (1) for the first pair of summer pastures (Dar and Cro cases, names anonymized), we focused on the use and management of vegetation diversity, which is at the heart of many integrated natural resource management problems; (2) for the second pair (Sur and Pon cases), we focused on the management of the system by the group of actors (livestock farmers and herders) because the collective nature of summer pasture governance (Eychenne and Lazaro 2014, Reid et al. 2014 ) is an unusual specificity among farming systems in Europe that was not taken into account in a previous summer pasture management model (Savini et al. 1995) .
RESULTS
Model
The conceptual model that we built with experts on the functioning of a summer pasture SES comprises a management submodel and a biophysical submodel, both based on a typology of summer pasture vegetation (Fig. 4) .
Management model
The summer pasture management model comprises five interlinked spatial and time scales (Table 4 ) and makes it possible to define the functions expected from summer pasture vegetation at different management scales. The first three of these five scales (day, pastoral season, summer pasture season) coincide with the scales previously proposed by Savini et al. (1995) who identified and described the notions of "grazing sector," "grazing route," and "allotment." The experts considered these scales to be still highly relevant to describe management, but to be reviewed with an eye to managing the hazards inherent to each of these scales. Two longer management scales were added, which were necessary to describe actual adaptations and transformations: the first encompasses the entire year to consider the interactions between summer pastures and associated farms; the second considers the long-term (i.e., from a couple of years to several decades) with respect to the different spatial scales (changes in climate, vegetation, system managers, characteristics of the associated farms and their objectives for the summer pastures, etc.). We illustrate for a real case the spatial extension corresponding to different management scales: grazing sectors used at the daily and pastoral season scale, allotments corresponding to the pastoral season scale, the whole summer pasture corresponding to the summer pastures season scale, and the farms fields used for haymaking and grazing in spring and autumn corresponding to the annual scale (Fig. 5) . https://www.ecologyandsociety.org/vol22/iss4/art25/ Vegetation typology Our novel management model fosters the adoption of a new point of view on vegetation, which is no longer considered in terms of the quantity of resources that it produces but instead in terms of the functions it can fulfill. Consequently, at a finer spatial scale than the summer pasture, different pastoral subfunctions were identified corresponding to the different types of vegetation. As in previous typologies, the functions fulfilled by different vegetation types depend on their productivity and palatability, but their management flexibility and their sensitivity to different climate hazards and pastoral practices were incorporated as new criteria.
A typology comprising nine main types of vegetation was built by the experts who participated in the modeling. These vegetation types were defined in a sufficiently generic way so as to be valid Manage the trajectory of the vegetation through practices and through the configuration (equipment, parcels) of summer pastures and farms; decide main zootechnical objectives for farms (type of production, numbers, economic model, selection criteria, reproduction and selling periods, livestock learning, etc.), the associated technical management elements, and the functions attributed to summer pastures in this management system across the French Alps. Potential functions were defined for each type: main functions and functions for adaptation to adverse events at any management level (see Appendix 1 for details). Here, we focus on a single vegetation type, called "productive" by the experts, to illustrate how these types were characterized and how links between their characteristics and functions were made (Fig.  6 ). This type corresponds to different vegetation, with frequent dominance of Dactylis glomerata in the northern Alps and Agrostis capillaris in the southern Alps. This type of summer pasture vegetation, found on areas previously mowed on low summer pastures, produces 5"6 tonnes ha −1 yr −1 of forage. The vegetation in these areas grows early but its use is not flexible (rapid drop in digestibility and palatability). On the summer pastures where it is present, its main function is to provide a large portion of the fodder at the start of the summer pasture season, generally during the first pastoral season (Fig. 6, part 3) . Regrowth is also critical for this type of vegetation because it provides fodder at the end of the summer pasture season.
In addition to their main functions, the different vegetation types can fulfill hazard adjustment functions at different management levels, depending on their sensitivity to different hazards and practices (see Biophysical model). For example, at the yearly scale and for the summer pasture-farms system, the productive vegetation type is useful as a buffer between the farms and the summer pasture because it can accommodate early grazing, if necessary, when fodder runs out early in the valley, and can also support a second grazing period at the end of the season, especially given its location at lower altitudes where the first bouts of bad autumn weather are not so severe (Fig. 6, part 3) .
Finally, the vegetation's potential functions must be nuanced according to each real summer pasture situation, depending on the sector and allotment configurations and on the usage constraints that make it possible or not to use the vegetation in an optimal manner, as described in the model. Hence, the productive vegetation type, which does not lend itself well to late initial grazing, may nevertheless be grazed at an advanced stage (generally toward the end of July) in configurations in which there is no other vegetation able to ensure forage for the herds during this period. Savini et al. 1995) . The management at the year time scale is illustrated with the parcels of the two livestock farms using the summer pastures.
Biophysical model
The biophysical model is detailed extensively in Appendix 1; in the following, we present the main lessons from its construction, thus aiming to highlight key features of the approach. The biophysical model comprises two parts. The first part, made up of causal maps at the scale of a summer pasture season, explains the effects of climatic hazards and pastoral practices on forage dynamics during the summer pasture season. At this scale, it demonstrates the importance of vegetation characteristics that vary interannually (productivity, phenology) and during the season (nutritional quality and relative palatability of different species). These aspects have not previously been included in technical summer pasture management tools. The causal maps may be used to explain the characteristics of each vegetation type (Fig. 6 , vegetation type name and description) and their level of sensitivity to climatic hazards and pastoral practices (Fig. 6 , parts 1 and 2), making it ultimately possible to explain the functions they fulfill (Fig. 6, part 3) .
The second part of the biophysical model comprises a state and transition model based on the vegetation typology. It describes the effects of practices and climate on the shift from one type of vegetation to another and on the qualitative changes in each type of vegetation (see Appendix 1). It aims to support an analysis of the management model in the long term.
The pastoral practices implemented and climatic parameters can shift individual vegetation types along alternative qualitative pathways. For example, qualitative variations in the productive vegetation type (Fig. 7 , green boxes) mainly regard a gradient of floristic diversity that is associated with varying digestibility and flexibility of use and depends on grazing period and grazing pressure (Fig. 7, grey boxes) . This vegetation type can also shift to other types (e.g., "scrub," then "forest") in the case of repeated incomplete vegetation consumption (Fig. 7, blue and red boxes) .
Template
Based on the characteristics of this model and on the generic criteria conferring resilience to SESs (Table 2 ; Walker and Salt 2012), we identified for each cell of the template the elements likely to confer resilience to summer pastures and reported them in the template (Table 3 , organized according to the human-herdresource triad and to the five scales of the management model).
In the following, we analyze which generic criteria seem the most meaningful in our model and we explain and illustrate the links between some elements indicated in the template and the conceptual model. Some criteria appear frequently, whereas others appear to correspond more rarely to a concrete reality.
First, the availability of "reserves" seems essential to face a disturbance, be it a surplus of usable resources (on farms, on the summer pasture, or in the form of bridging resources between farms and summer pasture; Fig. 6 , dark green and blue lines), well-fattened livestock that can cope with a difficult period, or labor available to overcome an unplanned problem. Second, "diversity" is a critical characteristic that can be used at all levels to make adjustments in response to a variety of adverse events at different management levels (diversity of vegetation, of exposure to climatic conditions of livestock needs, of opinions on management, etc.; Fig. 6 , light green and dark green lines), as is "tightness of feedback," be it the capacity of managers to detect a disturbance and respond, ecological feedbacks, or the capacity of livestock to change resources. Third, there is very little "modularity" between the system's elements. The management of a summer pasture is essentially seen as a coherent whole with strong interdependencies, and it is only at the summer pasturefarm system scale that the strong autonomy of the different farms can confer modularity to the system: if one farm disappears or switches to another summer pasture, the others are not expected to be affected. Fourth, "openness" makes sense at two levels (Table  3) : regarding the interaction between the summer pasture and the farms (livestock flows) and for the summer pasture-farm system as a whole (livestock input and output and feed purchase and sale). Resilience of the system is then conferred by the capacity to control these flows, i.e., to move livestock between the summer pasture and the farm, and to ensure fodder autonomy to farms (or control the cash enabling the purchase of feed). Finally, "social capital" is fundamental for management of summer pastures because many different actors interact within (farmers, herders) and outside these systems.
Operationality of the conceptual model applied to trial case studies
In this section, the operationality of the model is demonstrated with two successive comparisons of pairs of summer pastures. We focus successively on: (1) the use and management of vegetation diversity, and (2) system management by the group or community of farmers and herders.
Use and management of vegetation diversity
We first present the way in which vegetation diversity is used by livestock farmers and shepherds to cope with climatic hazards on the two summer pastures called Dar and Cro, each used by a single sheep farm (Table 5 ). The different management scales represented as the rows of the template (Table 3) At the daily management scale, we identified functional diversity as a key factor for adaptation (Table 3) because it enables the SES to cope with daily weather variation. Indeed, on the summer pasture Dar, as on Cro (Table 5) , at this scale, the shepherds make adjustments using functional diversity through the combination of rich vs. fibrous grass and between open spaces vs. understory pastures. At the pastoral season scale ( (Table  3) , we identified the diversity in altitudinal elevation as a major factor, which is fully mobilized on Cro. On Dar, on the contrary, this aspect is hardly mobilized for adaptation because of the shortage of water on the ridge area. Instead, shepherds use functional diversity in a different and original manner (Table 5) . At the annual scale (Table 3) , the farmer that uses Dar uses a great diversity of vegetation types (different types of meadows and rangelands, orchards) that he mobilizes to adjust the time spent on Dar each year. The farmer using Cro also uses a great diversity of vegetation types, but because of different constraints (small parcels, no fencing, access constraints), is unable to mobilize it to adjust dates and time spent on summer pasture. Over the long term, grazing practices appear stable on Cro, whereas on Dar, the Ecology and Society 22(4): 25 https://www.ecologyandsociety.org/vol22/iss4/art25/ farmer has increasingly resorted to diversification of grazing resources at the annual scale to make up for decreasing capacity to mobilize functional diversity on the summer pasture because of the arrival of wolves that restrained access to understory pastures.
The template (Table 3 ) allowed us to analyze and understand the way the diversity of resources is mobilized for resilience in these two contrasting cases. We used a qualitative figure to synthesize and illustrate the main differences in the way farmers and shepherds combine different types of vegetation diversity to maintain resilience for Dar and Cro (Fig. 8) . The figure was constructed using an expert-based distribution of 12 points to four attributes of vegetation.
For Dar (Table 5 , Fig. 8) , because of constraints such as lack of water and predation, the use of vegetation diversity at different management scales is vital for system resilience. Although the system currently seems sufficiently resilient, uncertain property rights on-farm threaten the maintenance of vegetation diversity at the annual scale, which is the main adjustment mechanism following the loss of diversity on the summer pasture (because of predation problems that restrain access to undergrowth). Thus, it would be wise to find ways to secure diversity at other management levels. Extension officers familiar with this summer pasture suggest providing water reserves on the ridge; the use of several summer pastures and collective transhumance are among some of the avenues to be explored, options which would have to be discussed with farmers. For Cro (Table 5 , Fig. 8 ), resilience is permitted by altitudinal variation and a surplus of very flexible vegetation in the undergrowth. Forestry management maintains balance in the habitat. The analysis of Cro highlights that the main risk stems not from climate change but from the arrival of wolves on the summer pasture, which prohibits access to the undergrowth under current shepherding practices and reduces adjustment options, particularly at the day and pastoral season levels. Our model, focusing on specific resilience to climatic perturbations, does not directly analyze resilience to this type of perturbation. Nevertheless, it detects that a better use of vegetation diversity on the farm would not be sufficient in this scenario; it would probably be necessary to accept a disruption and a transformation of the system (converting to a cattle summer pasture and giving up the steepest slopes, for example).
To conclude, although these SESs appear to be relatively secure at first impression, the analysis highlights that the situation remains precarious on these two pastures. Such challenges can stimulate novel thinking about solutions to regain resilience by exploring new adjustment options.
Collective summer pasture and summer pasture-farm system management Until recently, the framework for summer pasture management analysis (Savini et al. 1995 (Savini et al. , 2010 considered that there was a single herder-manager. However, there are often several herders on a summer pasture, and livestock farmers also participate in management and thus must be considered as integral parts of the system (Eychenne 2008) . Depending on the farmers' involvement on the summer pasture, their knowledge of the functioning of the summer pasture, the daily situation, and the farmers' and herders' communal functioning rules, the system's capacity to cope with disturbances can vary widely, as illustrated in the comparison between two collective summer pastures called Sur and Pon, used by several sheep farms (Table 6 ). In both cases, the capacity to act in an isolated manner on each farm and on the summer pasture is very limited (Eychenne and Lazaro 2014) . Thus, to improve resilience, it will be necessary to think at the summer pasturefarm system scale. For Sur, this will require some training and the creation of collective dynamics, whereas for Pon, farmers are used to thinking and operating at this management scale. 
DISCUSSION
The main interest lies in the modeling process
We only tested our model for four case studies, and its generic capacity, i.e., its applicability to all summer pastures in the Alps, still needs to be demonstrated. Nevertheless, through the analysis of these four case studies, we have shown that this model, associated with the resilience analysis template (Table 3) , could be an interesting heuristic tool with which to analyze the management of real cases. We believe that from a scientific point of view, the main interest stems from the conceptual modeling process that allows the experts to formalize and share knowledge and hence to enable all of the different actors involved in the approach to benefit from new learning (Tengö and Belfrage 2004 , van Kerkhoff and Lebel 2006 , Darnhofer et al. 2010b , Farrié et al. 2015 . Thus, this modeling process is a learning process that appears helpful to adopt and promote adaptive management, therefore operationalizing resilience. In many situations, adaptive management is a necessity. Adaptive management enables either adaptation or transformation of systems (Hagmann and Chuma 2002 , Lynam et al. 2002 , Darnhofer et al. 2010a . Learning processes are an important key for adaptive management (Roling and Wagemakers 2000) . Here, the process led experts to reconsidering summer pastures as dynamic systems in a dynamic environment (Coquil et al. 2010 ). This will undoubtedly influence the advice given by our experts to farmers and herders. For future development actions, we could also imagine involving farmers and herders more directly in the modeling process (Gouttenoire et al. 2010 ).
In spite of its novel dynamic nature, one of the model's current limits is related to uncertainties in the long-term effects of climate on vegetation dynamics. Whereas the experts were very precise regarding the effects of pastoral practices on vegetation, going so far as to describe qualitative gradients for each type of vegetation, only a few hypotheses were put forward concerning climate effects because of a lack of empirical observations and established scientific knowledge. This aspect of the model can undoubtedly be improved later, with a similar modeling process, after further research and once actors start witnessing wholesale vegetation change.
We emphasized previously that the modeled system was restricted to a pastoral point of view and to climatic perturbations. Applying the same modeling process would make it possible to broaden the boundaries of the system considered. It would be interesting, for example, to build a new model of summer pastures incorporating biodiversity issues, which could facilitate the inclusion of agrienvironmental issues (Schermer et al. 2016 , Darnhofer et al. 2017 . Further developments should also consider other types of perturbations such as predation, which we identified in our case studies as a major perturbation that strongly interacts with adaptation to climatic perturbation. Lastly, the absence of the regional management scale in the model (Baur and Binder 2013) can be questioned. Other actors influencing the management of summer pasture (extension officers, government bodies, elected officials, environmental associations, etc.), and institutions in general (Schermer et al. 2016) , were not included. This scale could be integrated in further models, which would doubtless widen the scope of opinions on summer pasture to understand better their multifunctional nature instead of only focusing on their pastoral interest.
Going further in the modeling toward quantitative implementation
The conceptual model remains highly qualitative, including the biophysical component (Appendix 1). Causal relationships are established between climate or livestock grazing and vegetation without quantifying these interactions. The different vegetation types are simply characterized comparatively (and not in absolute terms) with respect to their level of sensitivity to different weather parameters and practices. In the state and transition model for describing long-term dynamics, experts were only able to distinguish time frames of roughly a decade from longer time frames. This qualitative character is innate to expert-based modeling and can be a limit, for example, to introducing digital simulation. However, from a management support point of view, this is not an obstacle to understanding the mechanisms and to considering adaptation options.
Nevertheless, going further in the modeling process through an informatics tool could be an interesting further step. Agent-based modeling, which is frequently used for participatory modeling, should facilitate the (semi)quantitative implementation of the model (Voinov and Bousquet 2010 , Etienne 2014 , Murray-Rust et al. 2014 . First, it would require identifying the most important drivers and simplifying the model, thus improving its generic applicability and transferability for stakeholders (Bommel 2009 ). Second, it would provide a tool to identify the outcomes of different trade-offs. Finally, it would enable testing and quantifying the effects of alternative climate scenarios that have been downscaled for the Alps (Verfaillie et al. 2016 ).
Contribution to livestock farming systems research
Previous research on resilience has already been used to characterize adaptation strategies for livestock farming systems faced with disturbances (Dedieu and Ingrand 2010 , Nettier et al. https://www.ecologyandsociety.org/vol22/iss4/art25/ 2010 , Astigarraga and Ingrand 2011 , but these approaches have not gone so far as to detail adaptation mechanisms at the interface between the social and ecological dimensions. Our results are in line with recent research. They complement studies estimating a theoretical potential allowed by diversity at the parcel or forage system scales (Martin et al. 2009 , Jacquot 2012 ) by extending them for summer pastures and by showing how diversity can be leveraged by shepherds in practical terms. Other criteria conferring resilience identified in our template (Table 3) were already known and taken into account in the field, for example:
(1) the importance of the knowledge of livestock farmers and herders (Oteros-Rozas et al. 2013 ), even if it had not always been considered in terms of resilience (Meuret and Provenza 2014) , or (2) criteria linked to herd management as a way of dealing with disturbances was also studied previously (Blanc et al. 2010 , Jacquot et al. 2010 , De La Torre et al. 2015 but was rarely taken into account in management (Ollion 2015) and technical recommendations.
Climate change represents a high source of uncertainty: the magnitude and patterns of climate change per se are uncertain and so are its long-term effects on the system, as shown by the difficulty for experts to assess them. Our work confirms, following Darnhofer (2014) , that resilience thinking proves to be fruitful to manage farming systems in a context of great uncertainty.
The most interesting development brought by this work to farming systems research is linked to the concept of panarchy proposed by Gunderson and Holling (2002) . Our model is in line with this understanding of the functioning of SESs. Different management scales are conceived as corresponding semiautonomous systems: sectors, allotments, summer pastures, summer pasturefarm systems.
Our work on summer pastures and the study cases we presented illustrate how different semiautonomous systems interact at different scales. We have seen that the way the diversity of vegetation is used responds to different logics according to the scale and subsystem considered: from mainly a diversity of response to hazards at the pastoral season scale (corresponding to an allotment subsystem) to functional diversity and altitudinal elevation diversity at the summer pasture season scale (summer pasture system). However, the same vegetation is also used at different time scales in these different systems. Within each system, the management has its own coherence to ensure feeding the herd and the persistence of the resource. All the art and science of shepherding (Meuret and Provenza 2014) is to achieve the articulation of different levels of coherence: within-allotment coherence and within-summer pasture coherence, but also summer pasture-farm systems coherence (considering farmers' objectives).
Faced with climate change and from a panarchy point of view, the challenge is to preserve the pastoral function of summer pastures (their ability to feed herds during summer), and therefore to develop their adaptability and avoid reaching thresholds that would lead to their transformation (for example, pastoral use being abandoned). As the different organizational levels interact, it is possible to transform at higher or lower levels to preserve the functions of the summer pasture as a system. For example, at a lower scale, an allotment very sensitive to drought with no adjustment possibility could be abandoned and reorganizations could be made on the other allotments (new equipment, new sectors explored). This important transformation of one subsystem, the allotment, supports the improvement of the adaptability of the whole summer pasture. At an upper scale, we already mentioned, in the case of Cro, a potential farm transformation to improve the summer pasture adaptability to predation. In the sentinel summer pasture program, we also already observed changes in the lambing schedule on farms that prevented the ascent of lambs to summer pastures. This important transformation for farms (production of suckling lambs vs. grazing lambs) reduces both animal needs and animal numbers on summer pasture, thereby improving the adaptability of summer pasture.
Cross-scale linkages have been conceptualized in agronomic sciences but remain difficult to implement. Our framework, applied here to the case of summer pastures, appears promising for analyzing adaptation and transformation of any farming system by articulating different scales (Mottet et al. 2006 , Dedieu et al. 2008 : field, farm, landscape, regional, national, or global scale.
Contribution to the operationalization of resilience theories
Here, we demonstrated that the framework proposed by Walker and Salt (2012) could support the analysis of the resilience of a summer pasture SES to climate hazards for operational use. We believe that two aspects of our implementation of Walker and Salt's (2012) framework explain the capacity of our model and template to capture the functioning of a summer pasture and to identify what makes it resilient. We used a multidimensional conceptualization of the resilience of a system. This allowed us to adopt a comprehensive approach of ways to be resilient and to describe different mechanisms of resilience on summer pastures, which is more operational than a quantitative evaluation of resilience. We next discuss three major methodological elements that need to be considered in such a process.
Balancing the two dimensions of a social-ecological system
First, assigning equal significance to both the social and ecological dimensions of the SES in the modeling is critical. Although theory recommends adopting a balanced position, in practice, often only one of these dimensions is analyzed in great depth, probably mainly because of disciplinary isolation. Thus, Rissman and Gillon (2017) show that the ecological dimension is neglected in many SES studies. Among the research dealing with social-ecological resilience of agricultural or pastoral systems, quite often the emphasis on the two dimensions is uneven. Sometimes, the focus is on the system's ecological dimension, and the social mechanisms are analyzed in a superficial manner (Soane et al. 2012) ; this generally occurs when the challenges are primarily environmental and also when the research is led by ecologists. At other times, the focus is on the system's social dimension, and the ecological dimension is only studied superficially. This is often the case for the analysis of agricultural systems resilience (Milestad and Darnhofer 2003 , Darnhofer 2010 , Darnhofer et al. 2010b , Carlisle 2014 , Tittonell 2014 ), but also in recent studies focusing on biodiversity (Oteros-Rozas et al. 2013 ).
For pastoral systems in particular, in which the social and ecological dimensions are closely linked, a balanced approach is essential (Reid et al. 2014) . Our model thus makes it possible to understand the coherence between the practices of livestock https://www.ecologyandsociety.org/vol22/iss4/art25/ farmers and herders and the functioning of pastoral environments. However, even if we strived to build a balanced model of social and ecological dimensions, the modeling process, while limiting the model to a strictly pastoral point of view, led us to limit also the social dimension to an agronomic point of view. We did not consider explicitly economic or sociological aspects in the model. The analysis of case studies highlights that other considerations (sociological in particular, see Table 6 ) are also important in understanding reasons behind choices made by farmers and shepherds and should be integrated explicitly in models for a better understanding of management and its adaptation potential.
Defining the boundaries of a social-ecological system in relation to its social dimension Second, we defined the boundaries of the SES through its social dimension: we initially considered the summer pasture as a management unit with its management subunits and then characterized its ecological functioning. Quite often, the opposite approach is taken in resilience research (Miller et al. 2010 ). For instance, in the case of summer pastures, Soane et al. (2012) defined different interacting systems according to their ecological characteristics. This may seem coherent when examining environmental issues but could be a limit to reaching an understanding of management coherence and coming up with tangible management recommendations.
Defining a scale of analysis coherent with the type of actions to be implemented
Finally, we examined a relatively small-scale management system in comparison to examples presented by Salt (2006, 2012) that focus on larger regional scales. We believe that in the European and many other mountain contexts, this scale is relevant for focusing on the actions of stakeholders that manage the system day to day (here, the herders and farmers). Consequently, the system was modeled with these stakeholders considered as the pilots of the whole system. They are not considered as elements of the system that researchers can try to act on to modify the system. Rather, they remain the ones who will act on the system, thus fully recognizing their agency. Therefore, we adopted a stance in which they are partners with whom one can directly deliberate and construct management practices, instead of being stakeholders whose behavior one attempts to influence, for example, through public policies.
The main focus has been at the summer pasture scale (studied in interaction with lower and upper scales). From another point of view, the main focus could have been at a lower scale (to focus on issues of vegetation dynamics, for instance) or larger scale (regional, for example, if macroeconomic issues were considered of primary importance). These choices would have led to very different models.
From an operational perspective, the choices of scale and the stakeholders included and excluded from the system are a critical consideration because they will determine the types of development actions that will be implemented and whether the accompanying change will be predominantly top-down or bottom-up.
CONCLUSION
We implemented Walker and Salt's (2012) framework, which proved to be promising for analyzing the resilience of pastoral systems with a view to improving their management. The framework presents a multidimensional vision of the resilience of a system and offers a way to analyze the different ways of being resilient while articulating different management scales.
Our analysis template (Table 3) , combined with the model of summer pastures, is an interesting operational tool, but we believe that the modeling process itself is of greatest interest. The modeling process is a learning process that made it possible to share and formalize knowledge. It allowed participants to "think resilience," i.e., to adopt a vision of summer pastures as dynamic systems in a dynamic environment. Thus, it is expected to allow experts to adopt or promote adaptive management methods. The use of a conceptual modeling process and the analysis of summer pastures through the prism of resilience are two promising elements for the development of new extension actions.
Responses to this article can be read online at: http://www.ecologyandsociety.org/issues/responses. php/9625
